The Ronda peridotite massif in Southern Spain shows a welldefined 'recrystallization' front that separates a large-scale partial melting domain formed at the expense of the continental lithospheric mantle from a ' preserved' lithospheric domain.To investigate the processes allowing a transient lithosphere^asthenosphere boundary to propagate in the lithospheric mantle, we performed a joint petrostructural and geochemical study of an $2Á5 km 2 zone extending from the melting front to the mylonites that mark the western limit of the massif. This study emphasizes a feedback between heat transfer, melt percolation, and deformation in the lithospheric mantle. Petrographical observations and geochemical data show that heterogeneous reactive percolation of melts produced in the underlying partial melting domain led to refertilization of lithospheric peridotites up to 1Á5 km ahead from the melting front, producing metre-scale layering of fertile and refractory mantle rocks. Within 800 m from the front, pre-existing garnet pyroxenite layers were partially molten and the resulting melts probably contributed to the refertilization process. Detailed structural mapping and analysis of the microstructures and crystal preferred orientations highlight the relations between reactive melt transport and deformation, and the control of the temperature gradient on both processes. Parallelism between the recrystallization front, compositional boundaries, and deformation structures, as well as variations in the deformation intensity of pyroxenes and spinels, suggest syn-to late-tectonic melt transport controlled by both the deformation and the thermal gradient. Variations in the strength of olivine crystal preferred orientations as a function of the modal and chemical composition of the spinel tectonites point to a higher contribution of diffusion to deformation in the most fertile rocks, corroborating the hypothesis that deformation occurred in presence of melt. Finally, the systematic dispersion of olivine [100] and orthopyroxene [001] axes in the foliation plane suggests a dominantly transpressive deformation regime.
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The Ronda peridotite massif in Southern Spain shows a welldefined 'recrystallization' front that separates a large-scale partial melting domain formed at the expense of the continental lithospheric mantle from a ' preserved' lithospheric domain.To investigate the processes allowing a transient lithosphere^asthenosphere boundary to propagate in the lithospheric mantle, we performed a joint petrostructural and geochemical study of an $2Á5 km 2 zone extending from the melting front to the mylonites that mark the western limit of the massif. This study emphasizes a feedback between heat transfer, melt percolation, and deformation in the lithospheric mantle. Petrographical observations and geochemical data show that heterogeneous reactive percolation of melts produced in the underlying partial melting domain led to refertilization of lithospheric peridotites up to 1Á5 km ahead from the melting front, producing metre-scale layering of fertile and refractory mantle rocks. Within 800 m from the front, pre-existing garnet pyroxenite layers were partially molten and the resulting melts probably contributed to the refertilization process. Detailed structural mapping and analysis of the microstructures and crystal preferred orientations highlight the relations between reactive melt transport and deformation, and the control of the temperature gradient on both processes. Parallelism between the recrystallization front, compositional boundaries, and deformation structures, as well as variations in the deformation intensity of pyroxenes and spinels, suggest syn-to late-tectonic melt transport controlled by both the deformation and the thermal gradient. Variations in the strength of olivine crystal preferred orientations as a function of the modal and chemical composition of the spinel tectonites point to a higher contribution of diffusion to deformation in the most fertile rocks, corroborating the hypothesis that deformation occurred in presence of melt. Finally, the systematic dispersion of olivine [100] and orthopyroxene [001] axes in the foliation plane suggests a dominantly transpressive deformation regime.
I N T RO D UC T I O N
The processes leading to thinning of the continental lithosphere are still poorly understood. Analysis of lithosphere strength envelopes constructed using laboratory-based flow laws (e.g. Kohlstedt et al., 1995) shows that platetectonic or plume-related forces do not suffice to deform a 100 km thick lithosphere. Numerical models of the interaction of a mantle plume with a moving lithospheric plate highlight that enhanced small-scale convection in the plume impact zone results in a high transient thermal gradient at the base of the lithosphere, but has no effect on the shallow, higher strength mantle lithosphere (Thoraval et al., 2006) . Seismic anisotropy measurements in the East African rift indicate that magmas play an essential role in the rifting process at all depths (Kendall et al., 2005) . The presence of melt results in significant decrease of the mantle viscosity (e.g. Hirth & Kohlstedt, 1995a) . Weakening of the lithospheric mantle by a combination of melt percolation and thermo-mechanical erosion of the base of the lithosphere atop an asthenospheric upwelling is thus a good candidate to account for the deformation of an initially 100 km thick lithospheric plate.
Reactive melt percolation in the lithospheric mantle has been described in several peridotite massifs, such as Horoman, Lherz, or Lanzo, where it resulted in refertilization of an ancient, refractory lithosphere (Saal et al., 2001; Muntener et al., 2005; Le Roux et al., 2007) and controlled the strain distribution (Kaczmarek & Mu« ntener, 2008; Le Roux et al., 2008) . However, these massifs expose only the 'refertilized' lithosphere. In contrast, the Ronda peridotite massif in Southern Spain contains a well-defined 'recrystallization' front that separates a large-scale partial melting domain formed at the expense of the continental lithospheric mantle from a 'preserved' lithospheric domain ( Van der Wal & Bodinier, 1996; Van der Wal & Vissers, 1996; Garrido & Bodinier, 1999; Lenoir et al., 2001; ). The Ronda recrystallization front represents an exhumed transient lithosphereâ sthenosphere boundary. A detailed petrostructural and geochemical study of a $2Á5 km 2 zone in the southwestern part of the massif, extending from the melting front to the mylonites ( Fig. 1) , allows us to study the extent of melt infiltration and the relations between melt percolation, heat transfer, and deformation above a partial melting domain in the mantle. Detailed structural mapping and analysis of the microstructures and crystal preferred orientations highlight the relations between reactive melt transport and deformation, and the control of the temperature gradient on both processes. In addition, petrographical observations and geochemical data allow us to constrain the contribution of reactive melt transport to the development of compositional heterogeneities in the lithosphere.
G E O L O G I C A L S E T T I N G
The Ronda peridotite is the largest ($300 km 2 ) orogenic ultramafic massif cropping out at the Earth's surface. It is located in the western part of the Betic Cordillera (Southern Spain), which forms the northern part of the Gibraltar arc (Fig. 1 ). This orogenic system is the westernmost segment of the Alpine belt in Europe and contains a series of large ultramafic massifs (Ronda, Oje¤ n, Carratraca in the Betics, and Beni Boussera in the Rif).
The Ronda peridotite massif is characterized by kilometre-scale petrological, geochemical and structural zoning (Obata, 1980) . Van der Wal & Vissers (1996) reinterpreted Obata's (1980) zoning, defining three tectonometamorphic domains (Fig. 1 ), which they interpreted as recording the thermal evolution of the lithospheric mantle during the late stages of extension in the Alboran Basin, aborted by the final emplacement of the massif in the crust.
(1) The spinel (AEgarnet) tectonite domain is the oldest. It is divided in two sub-domains: the garnet^spinel mylonites that mark the northern and western boundaries of the massif and the foliated spinel tectonites. They correspond respectively to Obata's garnet lherzolite facies and ariegite subfacies. Both spinel tectonites and mylonites display a pervasive steeply dipping foliation that trends almost parallel to the melting front and a shallowing dipping lineation (Fig. 1) .
(2) The coarse-granular peridotite domain roughly coincides with Obata's Seiland subfacies. It is located in the central part of the Ronda peridotite and is separated from the spinel tectonites by the recrystallization front (Lenoir et al., 2001) . Structural and geochemical data imply that the coarse-granular peridotites were developed at the expense of the spinel tectonites by partial melting and annealing (Van der Wal & Bodinier, 1996; Van der Wal & Vissers, 1996; Garrido & Bodinier, 1999; Lenoir et al., 2001; ). The coarse-granular peridotites display a mainly northward, steeply dipping. foliation and a shallowly dipping lineation (Fig. 1) .
(3) The plagioclase tectonite domain, which corresponds to Obata's (1980) plagioclase lherzolite facies, is the youngest of the three structural domains. It formed at the expense of the granular peridotites during the emplacement of the massif in the crust. It constitutes the largest part of the massif and is exposed in the southern and eastern part of the Ronda peridotite.
More recently, detailed structural and petrological studies of the garnet-and spinel-bearing mylonites indicate that the spinel (AEgarnet) mylonites formed during a decompression and cooling event in the lithospheric mantle from 11508C and 2Á7 GPa to 9008C and 1Á9 GPa (Garrido et al., 2006) . Based on these data, Precigout et al. (2007) proposed that the petrological, geochemical, and structural zoning of the Ronda massif records thinning of an old sub-continental lithospheric mantle accommodated by ductile shear zones. This thinning was followed by a thermal event resulting in the propagation of a partial melting and recrystallization front (Lenoir et al., 2001) . For Van der Wal & Bodinier (1996) , the recrystallization front represented a permeability barrier for basaltic melts, which accumulated in the coarse-granular peridotites. However, Lenoir et al. (2001) suggested that a strong thermal gradient existed across the Ronda massif during the formation of the recrystallization front. This gradient allowed small melt fractions to percolate up to a few hundred metres ahead of the melting front, reacting with the spinel tectonites.
We performed detailed structural mapping of a 2Á5 km 2 area in the westernmost part of the massif, including, from east to west, the transition between granular peridotites and spinel tectonites, the spinel tectonites, and the garnet^spinel mylonites (Figs 2 and 3 ). In the studied zone, lherzolites are dominant. They enclose discontinuous harzburgite bodies, 15^90 m thick, elongated in a northŝ outh to NNE^SSW direction. Lherzolite^harzburgite contacts occur as a metre-scale transition characterized either by alternating decimetre-scale lherzolite^harzburgite layers (Fig. 2a) or by alternating harzburgites and centimetre-scale olivine websterite layers (Fig. 2b) .
In the spinel tectonite domain, both harzburgites and lherzolites display a penetrative, steeply dipping foliation (658W to 758E) that trends N350E^N40E, and a shallowly dipping lineation (0^308S) marked by the alignment of spinel and pyroxene aggregates (Fig. 3) . These orientations (Southern Spain) showing the location of the study area in the westernmost part of the massif, the tectono-metamorphic domains, and the recrystallization front mapped by Obata (1980) , Van der Wal & Vissers (1996) and Lenoir et al. (2001) . Lineations and foliations from Darot (1973) . JOURNAL OF PETROLOGY VOLUME 50 NUMBER 7 JULY 2009 are consistent with the foliations and lineations reported at the scale of the massif (Darot, 1973; Van der Wal, 1993; Van der Wal & Bodinier, 1996; Van der Wal & Vissers, 1996; Precigout et al., 2007) . Variations in the foliation orientation are gradual, occurring at the tens of metres scale, and may result from either strain heterogeneity or large-scale open folds. Crosscutting relations between mylonites and spinel tectonites have not been observed. A clear change in the orientation of the deformation structures is observed only within the garnet^spinel mylonites, where the foliation progressively rotates from parallel to the spinel tectonites' foliation to N70E^508NW
at the western boundary of the massif. The orientation of the foliation and lineation does not change across lherzolite^harzburgite contacts. In addition to the centimetre-scale olivine websterite layers that underline the lherzolite^harzburgite contacts, lherzolites also contain decimetre-to metre-scale garnet and spinel pyroxenite layers. These pyroxenites correspond to the types A and B from Garrido & Bodinier (1999) , respectively. Spinel pyroxenites are observed within 800 m from the front, whereas garnet pyroxenites occur farther away from the front within spinel tectonites or garnetŝ pinel mylonites (Fig. 2) . A composite layer a few metres wide formed by garnet pyroxenites enclosed in spinel pyroxenites occurs at ca. 400 m from the melting front. These observations are in agreement with the interpretation of Garrido & Bodinier (1999) that type B spinel pyroxenites result from partial melting of type A garnet pyroxenites. Both pyroxenites and olivine websterites form bands parallel to the peridotite foliation. However, the pyroxenites are boudinaged and show sharp contacts with the peridotite, whereas the olivine websterites usually do not display boudinage and their contact with the peridotites is irregular and diffuse.
It is worth noticing that all tectonic structures (foliation, lineation), pyroxenite layers, and lherzolite^harzburgite contacts are parallel. In the eastern part of the mapped area, they are also parallel to the recrystallization front (Fig. 3) . To investigate the relations between partial melting, melt transport, and deformation in this fossil lithosphere^asthenosphere boundary, we performed coupled petrological, microstructural, and geochemical analyses on four series of 4^7 samples collected along metre-scale transects across lherzolite^harzburgite contacts, at variable distance from the recrystallization front, as well as in a few additional samples remote from any lithological contact (Fig. 2) . To refine the lithological mapping, additional major-element analyses of whole-rocks and minerals were performed on smaller samples collected on a roughly $50 m scale grid, depending on outcrop availability.
M I C RO ST RUC T U R E S Deformation-related microstructures
At the thin-section scale, the lineation and foliation are marked by alignment of spinel and pyroxene aggregates and by the elongation of olivine crystals. From the western border of the massif to the recrystallization front, we observe a continuous increase in grain size (Fig. 3) . This variation in grain size agrees with that observed at the scale of the massif by Van der Wal & Bodinier (1996) and . Those workers showed that a further increase in grain size occurs across the recrystallization front in the coarse-grained peridotites. In the easternmost part of the studied domain, close to the recrystallization front, the spinel tectonites have a coarsegrained porphyroclastic microstructure. Fine-grained porphyroclastic microstructures dominate in the central part of the spinel tectonite domain. In the westernmost part of the studied zone, the microstructure is mylonitic. A weak variation in the microstructure is also observed across the harzburgite^lherzolite contacts in the coarse-grained porphyroclastic domain: harzburgites display on average coarser olivine grains than lherzolites.
The coarse-grained porphyroclastic microstructure is characterized by a heterogeneous olivine grain size ranging from 1 to 15 mm. Olivine crystals display irregular shapes with sinuous grain boundaries, undulose extinction and well-developed subgrain boundaries (Fig. 4a) . Subgrains are more commonly observed in large grains than in small ones (Fig 4b) . Olivine crystals are usually elongated parallel to the lineation with aspect ratios varying between 1:1Á5 and 1:2, but reaching 1:10 for the largest grains. Pyroxenes occur either as isolated crystals or form aggregates often aligned parallel to the lineation trend. Orthopyroxenes (opx) are 0Á5^5 mm in size. They have irregular shapes and may show undulose extinction and kink bands (Fig. 4c) . Clinopyroxene (cpx) grain-size distribution is bimodal. Coarse cpx crystals (0Á5^2 mm) usually form clusters with opx and display the same deformation features, whereas small interstitial cpx crystals (0Á1^1mm) show no evidence of deformation. Spinels display heterogeneous grain sizes (0Á1^2 mm) and shapes. Small grains are sub-euhedral, whereas coarse grains have irregular, hollyleaf shapes, and are often aligned parallel to the lineation (Fig. 4d) .
The fine-grained porphyroclastic microstructure is similar to the coarse-grained porphyroclastic one, but olivine crystals are on average smaller (52 mm). Some coarse olivine porphyroclasts up to 10 mm long and 2 mm wide elongated parallel to the lineation are nevertheless preserved. Olivine crystals display irregular shapes with sinuous grain boundaries, undulose extinction and closely spaced sub-grains (Fig. 4f) . The pyroxene and spinel microstructures are similar to those in the coarse-grained porphyroclastic peridotites.
Mylonites are characterized by a bimodal olivine grainsize distribution with few relict porphyroclasts (0Á5^1mm long) elongated parallel to the lineation (aspect ratios generally around 1:5). Olivine porphyroclasts are surrounded by a matrix of small recrystallized grains ($200 mm), which are also elongated (aspect ratios of 1:2) parallel to the lineation. Both porphyroclasts and recrystallized grains present irregular shapes with sinuous grain boundaries, closely spaced subgrain boundaries, and undulose extinction ( Fig. 4g and h ). Opx and cpx occur essentially as isolated crystals; grain sizes range from 0Á1 to 1mm. Some opx crystals have been highly stretched parallel to the lineation, attaining aspect ratios of 1:10 or higher. They display undulose extinction and well-developed kink bands. Spinels are similar to those in the fine-grained porphyroclastic peridotites, but smaller (0Á1^1mm).
Olivine websterites are constituted essentially of pyroxenes 0Á5^2 mm across that have irregular shapes and sinuous grain boundaries. Most opx grains display undulose extinction, as is shown also by the coarser cpx crystals. Olivine crystals are relatively small (51mm) and show undulose extinction and subgrains. Spinels are larger than in the peridotites and can up to 3 mm in size. They display holly-leaf shapes. At the thin-section scale, the boundary between peridotites and websterites is sinuous and characterized by a gradual increase in pyroxene content (Fig. 4e) . Garnet pyroxenites (type A pyroxenites) have a porphyroclastic microstructure characterized by large porphyroclasts of cpx (AE opx, gt) in a fine matrix of gt and cpx crystals. Spinel pyroxenites (type B pyroxenites) present a granoblastic microstructure and do not show evidence of deformation (e.g. Garrido & Bodinier, 1999, fig. 3 ).
Melt^rock reaction-related microstructures
Melt^rock reactions in the mantle may lead either to consumption of pyroxenes and olivine crystallization during incongruent partial melting or interaction with Si-undersaturated magmas (Kelemen et al., 1992) , or to crystallization of pyroxenes (AEspinel or garnet or plagioclase) at the expense of olivine during refertilization reactions (Lenoir et al., 2001; Dijkstra et al., 2003; Le Roux et al., 2007; Bodinier et al., 2008; Kaczmarek & Mu« ntener, 2008) . Analysis of pyroxene morphology and deformation thus provides information on the reactions that affected the peridotites.
Spinel tectonites show dominantly 0Á5^5 mm wide opx grains characterized by irregular shapes that occur either isolated or in opx^cpx^sp clusters. Some of these pyroxenes display concave grain boundaries filled with olivine ( Fig. 5a and b) , suggesting the occurrence of melt^rock reactions that consumed pyroxenes and crystallized olivine. These opx crystals usually display undulose extinction and kink bands, implying deformation by dislocation creep. However, the secondary crystallization of opx is also suggested by rare, undeformed opx forming overgrowth rims on isolated crystals (Fig. 5c ). Undeformed opx is also present as small (50Á5 mm) interstitial crystals along olivine^olivine grain boundaries (Fig. 5d) .
In harzburgites, cpx occurs essentially as isolated interstitial grains (0Á1^1mm wide), which located along olivine^olivine grain boundaries or at triple junctions, sometimes forming large poikilitic crystals (Fig. 5e ). Lherzolites also show isolated interstitial cpx, but most cpx occurs in opx^cpx^sp aggregates where cpx is predominant (Fig. 5f ). These aggregates are sometimes flattened in the foliation plane, but show no intracrystalline deformation features. We interpret the interstitial pyroxenes and the aggregates as formed by secondary crystallization of pyroxenes from percolating melt, suggesting that most lherzolites in the study area result from refertilization reactions. Similar microstructures were described by Lenoir et al. (2001) in the lherzolites located a few hundreds of metres ahead of the recrystallization front; they were similarly ascribed to igneous refertilization.
C RY S TA L P R E F E R R E D O R I E N TAT I O N S
Olivine and pyroxene crystal preferred orientations (CPO) were determined by indexation of electron-backscattered diffraction (EBSD) patterns using the SEM-EBSD facility at Geosciences Montpellier. EBSD patterns are generated by interaction of a vertical incident electron beam with a carefully polished thin section tilted at 708 in a scanning electron microscope (JEOL JSM 5600). The diffraction pattern is projected onto a phosphor screen and recorded by a digital CCD camera. The image is then processed and indexed in terms of crystal orientation using the CHANNEL5 software from Oxford Instruments HKL. For each sample, we obtained crystallographic orientation maps covering almost the entire thin section (usually 20 mm Â 35 mm) with a sampling step ranging from 30 to 100 mm. Indexation rates in the raw maps range from 30 to 60% depending mostly on the extent of serpentinization. Post-acquisition data treatment allowed a further increase in the indexation rate by (1) filling the nonindexed pixels that have up to eight identical neighbours with this orientation, (2) repeating this operation using respectively seven, six and five identical neighbours, (3) identifying the grains (i.e. continuous domains characterized by an internal misorientation of 5158) and (4) within each olivine crystal, searching and correcting for systematic indexation errors related to the olivine's hexagonal pseudosymmetry, which results in closely similar diffraction patterns for orientations differing by a rotation of 608 around [100] . At each step, the resulting orientation maps were verified by the operator to avoid over-extrapolation of the data.
The studied peridotites show clear olivine and pyroxene crystal preferred orientations, implying a significant contribution of dislocation creep to deformation (Fig. 6) . In all samples, olivine [100] axes are dispersed in the foliation plane with a well-marked maximum within 108 of the lineation, and a strong concentration of [010] almost normal to the foliation. The [001] axes are more dispersed, but they present a weak maximum normal to the lineation within the foliation plane. It should be noticed that in most studied samples [010] axes are more concentrated than the [100] axes, characterizing well-developed [010]-fibre patterns (Bunge, 1982) .
In the spinel tectonites, opx [001] axes are dispersed in a plane close to the foliation with a weak maximum close to the lineation and [100] axes are concentrated close to the normal to the foliation. The [010] axes have an almost random repartition (Fig. 6 ). Cpx displays a very weak CPO, which is related to the opx CPO, but with a larger dispersion. In garnet^spinel mylonites (Fig. 6 ), cpx and opx show similar CPO patterns, although weaker for the cpx:
[001] is either dispersed in a plane at low angle to the foliation or concentrated close to the lineation and [010] tends to be oriented at high angle to the foliation (Fig. 6) .
The observed olivine and opx CPO imply deformation by dislocation creep with dominant activation of the hightemperature, low-stress (010) [100] and (100)[001] slip systems for olivine and opx, respectively (Tommasi et al., 2000) . Moreover, the systematic dispersion of olivine [100] axes and opx [001] within the foliation and the small obliquity between the olivine [100] and opx [001] maxima and the lineation are characteristic of transpressional deformation (Tommasi et al., 1999) .
Analysis of the intensity of the olivine CPO, characterized by the dimensionless J-index (Bunge, 1982) , as a function of the modal proportion of clinopyroxenes allows investigation of the relation between deformation and melt^rock reaction ( volume-averaged integral of the squared orientation densities. It has a value of unity for a random CPO and infinity for a single crystal. Most natural peridotites show values between 2 and 20 (Ben Ismail & Mainprice, 1998; Tommasi et al., 2000) . In the study area, harzburgites and cpx-poor lherzolites (48% cpx) display a rather homogeneous J-index ranging from 4Á5 to 6Á5. The more fertile types (58% cpx), in contrast, display a large variation in the J-index in the range of 3^8Á5 with a bimodal distribution: one population has very weak olivine CPO, with a J-index 54, and the other has rather strong olivine CPO, with J-index 46. At the scale of a single lherzoliteĥ arzburgite contact, one may observe either an increase or a decrease in J-index from the harzburgites to the lherzolites. For instance, at the contact 07RV3 (Fig. 6 ) the harzburgites have a J-index around six and the lherzolites between 6Á3 and 7Á7, whereas at the contact 07RV13, the J-index decreases from 5Á9 in the harzburgites to 3Á9 in the lherzolites. The observed short-scale variations in J-index may be explained by strain gradients or by a higher contribution of melt-enhanced diffusion processes that result in a weaker CPO (Tommasi et al., 2000) .
X-ray fluorescence (XRF) analysis of major and minor transition elements (Ni, Cr) in whole-rocks was performed at the CIC (Scientific Instrument Centre) of the University of Granada (Spain). Data are reported in Table 1 . Major-element compositions of olivine, pyroxenes, and spinel were determined by electron microprobe analysis (EPMA) using a CAMECA SX100 at the 'Microsonde Sud' facility, University of Montpellier 2. Analytical conditions were an accelerating voltage of 20 kV, a 10 nA focused beam, and counting times of 20^30 s.
The studied spinel tectonites show a wide range of major-element contents from highly refractory (44Á67 wt % MgO, 0Á27 wt % Al 2 O 3 , 0Á18 wt % CaO) to very fertile compositions (33Á73 wt % MgO, 4Á55 wt % Al 2 O 3 , 3Á9 wt % CaO; Table 1 , Fig. 8 ). The observed values encompass the whole range of compositions reported for the Ronda peridotites (Frey et al., 1985; Van der Wal & Bodinier, 1996; Lenoir et al., 2001) . However, some lherzolites in the study area tend to be even more fertile in term of Al, Ca and Ti contents than the most fertile compositions reported previously (Fig. 8) .
Al, Ca, Ti and Na decrease, and Ni increases slightly with increasing Mg content from fertile lherzolites to harzburgites (Fig. 8 ). These element co-variations coupled with the modal changes are typical of the majority of peridotite suites worldwide. However, in the studied peridotites these co-variations are linear. The Na and Ti variations are therefore inconsistent with those produced by partial melting (Fig. 8 ). Cr shows a more complex variation, marked by almost constant content in lherzolites and decreasingç although scatteredçconcentrations with increasing Mg contents in harzburgites (Fig. 8) . Decreasing Cr contents in refractory peridotites have been observed previously in orogenic peridotites, including the Ronda massif (Frey et al., 1985; Van der Wal & Bodinier, 1996) Table 2 ). The olivine forsterite content (Fo) or Mg-number decreases from 0Á92^0Á91 in the harzburgites to 0Á91^0Á89 in lherzolites and olivine websterites. Similar variations are observed for the Mg-number of orthopyroxenes and clinopyroxenes. The Cr-number in spinel strongly decreases from 0Á67^0Á17 in the harzburgites to 0Á25^0Á07 in the lherzolites and 0Á07^0Á03 in the websterites.
To investigate small-scale heterogeneity in mineral compositions, we performed detailed EPMA analyses of pyroxenes in two samples: the harzburgite 07RV13B and the lherzolite 07RV12Cw (Table 3) . These samples were Sample:  RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-RTR-V2  V4  V5  V7  V9  V12  V13  V14  V15  V36  V37  V39  V40  V43 wt % SiO 2  39Á80  43Á61  44Á17  43Á76  42Á75  41Á69  43Á96  43Á73  42Á77  42Á75  38Á47  43Á47  41Á91  42Á81   TiO 2  0Á10  0Á17  0Á23  0Á04  0Á07  0Á06  0Á18  0Á18  0Á12  0Á14  0Á05  0Á17  0Á06 0Á16
Rock type: Lherzolite MnO  0Á14  0Á13  0Á13  0Á13  0Á13  0Á14  0Á12  0Á13  0Á13  0Á12  0Á13  0Á14   NiO  0Á25  0Á24  0Á26  0Á24  0Á23  0Á28  0Á26  0Á26  0Á27  0Á27  0Á27  0Á24   Cr 2 O 3  0Á34  0Á35  0Á35  0Á35  0Á33  0Á32  0Á35  0Á33  0Á26  0Á30  0Á30  0Á31   LOI  5Á08  5Á46  6Á43  4Á11  4Á70  4Á27  8Á81  6Á69  7Á26  8Á82  5Á98  4Á50   Total  100Á88  100Á87  101Á11  101Á40  101Á21  101Á17  100Á99  101Á28  101Á25  100Á72  100Á81  101Á31   Mg-no.  89Á43  89Á65  89Á60  89Á86  88Á81  88Á51  90Á69  89Á25  89Á20  90Á58  88Á95  89Á45 wt % Ol % 60Á7 6 1 Á5 6 3 Á8 6 1 Á8 4 7 Á2 5 5 Á8 7 1 Á8 5 5 Á8 6 4 Á6 6 5 Á6 6 3 Á6 6 0 Á7 Sample:  RTR-07RV-07RV-07RV-07RV-07RV-RTR-RTR-RTR-RTR-RTR-RTR-07RV-V35  3A  3C  10C  12C  13A  V11  V21  V23  V38  V49  V51  3B wt % SiO 2  42Á53  41Á87  41Á59  41Á04  42Á27  42Á54  41Á63  42Á09  42Á07  39Á14  39Á93  41Á82  41Á35   TiO 2  0Á14  0Á12  0Á09  0Á04  0Á07  0Á14  0Á03  0Á08  0Á01  0Á05  0Á04  0Á03 0Á05
Rock type: Harzburgite Websterite MnO  0Á12  0Á12  0Á13  0Á13  0Á12  0Á13  0Á12  0Á11  0Á13  0Á12  0Á12  0Á12  0Á13   NiO  0Á26  0Á30  0Á29  0Á29  0Á27  0Á27  0Á26  0Á29  0Á27  0Á27  0Á28  0Á27  0Á17   Cr 2 O 3  0Á29  0Á32  0Á33  0Á34  0Á29  0Á39  0Á33  0Á20  0Á19  0Á34  0Á32  0Á25  0Á46   LOI  10Á28  4Á92  7Á12  8Á04  8Á41  6Á83  5Á21  6Á65  6Á33  7Á06  8Á01  10Á74  4Á63   Total  100Á90  100Á84  100Á52  100Á69  101Á14  101Á43  101Á67  101Á09  101Á58  100Á08  99Á29  99Á76  100Á60   Mg-no.  91Á98  90Á60  90Á73  90Á40  91Á29  90Á56  90Á84  92Á16  91Á04  91Á34  91Á18  91Á05  87Á97 wt % Ol % 77Á0 7 7 Á7 7 3 Á1 6 7 Á3 8 4 Á4 7 6 Á2 6 9 Á7 8 8 Á2
The modes were reconstructed by mass-balance of whole-rock and mineral major-element compositions, using the total inversion method of Tarantola & Valette (1982) . LOI, loss on ignition; ol, olivine; opx, orthopyroxene; cpx, clinopyroxene; Sp, spinel; Mg-number ¼ Mg/(Mg þ Fe) cationic ratio.
selected because they show unambiguous evidence for coexisting primary and secondary pyroxenes, hence allowing a search for chemical variations related to interaction with percolating melts. No significant variation was observed between the various pyroxenes types. The only small-scale variations observed within and between grains are those classically ascribed to cooling, notably the opposite core-to-rim variations of CaO in opx and cpx.
R A R E E A RT H E L E M E N T S I N C L I N O P Y ROX E N E
In situ trace-element analyses of clinopyroxenes were performed by laser ablation induced coupled plasma mass spectroscopy (LA-ICP-MS) on thick (c. 150 mm) sections at the AETE facility, Geosciences Montpellier, using a single-collector double-focusing sector field Element XR Ronda peridotites from previous studies (Frey et al., 1985; Van der Wal & Bodinier 1996) Primitive mantle Batch melting Fractional Melting Fig. 8 . Covariation diagrams for major (CaO, Al 2 O 3 ) and minor (Na 2 O, TiO 2 , Cr 2 O 3 , NiO) elements vs MgO (wt %) in the studied peridotites, compared with major-and minor-element compositions in the entire Ronda peridotite massif (Frey et al., 1985; Van der Wal & Bodinier 1996) and with the evolution predicted by batch and fractional melting models (Gast, 1968; Shaw, 1970) . Primitive upper mantle composition from McDonough & Sun (1995) . 1 4 Á7 
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Standard deviation (wt %) (eXtended Range) high-resolution (HR-) ICP-MS system, coupled with a Geolas (Microlas) automated platform housing a ArF 193 nm Compex 102 laser from LambdaPhysik. Measurements were conducted in an ablation cell of c. 30 cm 3 in a He atmosphere, which enhances the sensitivity and reduces inter-element fractionation (Gu« nther & Heinrich, 1999) . The helium gas stream and particles from the sample were mixed with Ar before entering the plasma. Data were acquired in the fast E-scan mode at low resolution (M/DM ¼ 300). Signals were measured in Time Resolved Acquisition (TRA) mode, devoting 2 min for the blank, and 1min for cpx analysis. The laser was fired using an energy density of 15 J/cm 2 at a frequency of 5 Hz and using a spot size of 77 mm. Oxide level, measured using the ThO/Th ratio, was below 0Á7%. 43 Ca was used as an internal standard and the concentrations were calibrated against the NIST 612 rhyolitic glass using the values given by Pearce et al. (1997) . Data were Tables 2 and 4 . Although fairly constant within samples, rare earth elements (REE) in cpx show extreme variations between the different samples, in the range 2^100 times chondritic abundances (Fig. 9) . There is no significant correlation with modal and major-element compositions, but two compositional groups are clearly distinguished on the basis of REE abundances, particularly the light REE (LREE) contents.
The first group (samples 07RV3C, 07RV6, 07RV10B, 07RV12Bc, 07RV12Cw and 07RV13Açreferred to as 'normal-type' clinopyroxenes in the following discussion) has REE concentrations below 10Â chondrite and LREE (La^Ce) below 5Â chondrite. This group shows nearly constant LREE concentrations (chondrite-normalized La content, La N ¼ 2Á3^3) and more variable heavy REE (HREE) concentrations (Yb N ¼ 2Á5^9). The most HREEenriched clinopyroxenes display the 'MORB-type' (midocean ridge basalt type) REE pattern that is typical of whole-rock and clinopyroxene compositions in the vast majority of orogenic lherzolites and several suites of spinel-bearing mantle xenoliths worldwide (McDonough & Frey, 1989a) . HREE-depleted clinopyroxenes show convex-upward ('hump-shaped') REE patterns, a signature that is commonly ascribed to metasomatic enrichment of relatively refractory (HREE-depleted) peridotites (Bodinier & Godard, 2003; Bodinier et al., 2008) . Variations of HREE at nearly constant LREE content have been previously observed in orogenic peridotites, both in whole-rocks and clinopyroxenes (Fabrie' s et al., 1989; McDonough & Frey, 1989a; Downes et al., 1991) . In most cases, however, these variations are coupled with modal changes from lherzolites (high HREE) to harzburgites (low HREE). Such a relationship is not observed in our dataset; the most HREE-enriched clinopyroxenes are from two lherzolites (samples 07RV6 and 07RV13A), but very similar REE contents were obtained for clinopyroxenes from the harzburgite 07RV10B. Moreover, the most HREE-depleted clinopyroxenes are from lherzolites (samples 07RV3C and 07RV12Cw).
The second group (samples 07RV17, 07RV13B, 07RV13C and 07RV13Dçreferred to as 'enriched-type' clinopyroxenes subsequently) has REE concentrations generally above 10Â chondrite and LREE (La^Ce) above 25Â chondrite; that is, more than 10 times higher than the LREE content of 'normal-type' clinopyroxenes. The 'enriched-type' clinopyroxene patterns nevertheless resemble the former group in terms of their relatively narrow range of LREE variation (La N ¼ 26^57), compared with HREE (Yb N ¼10Á5^100). This group also shows a subtle, but significant positive Eu anomaly. The selective enrichment of LREE and middle REE (MREE) observed in the harzburgites 07RV13D and 07RV13B has been frequently reported from mantle xenoliths, where it is generally ascribed to metasomatism by volatile-rich (e.g. carbonated) small-volume melts (e.g. Ionov et al., 2002) . However, the overall REE enrichment observed in samples 07RV13C and 07RV17 and the selective LREE enrichment are rare in orogenic peridotites. A noticeable exception is the Lherz massif (French Pyrenees) where both types of enrichment have been observed and interpreted as marking melt percolation fronts both at small scale, in the vicinity of alkaline veins (Bodinier et al., 1990 (Bodinier et al., , 2004 , and at larger scale, at the transition between harzburgites and lherzolites (Le Roux et al., 2007) .
Clinopyroxenes in sample 07RV1, a clinopyroxene-poor lherzolite from the coarse-granular domain analysed for comparison, show the MORB-type REE pattern typical of 'normal-type' clinopyroxenes (Fig. 9 ). This sample is, however, more depleted in LREE than any of the clinopyroxenes from the study area (La N ¼1Á3, compared with 2Á3^3 for the 'normal-type' clinopyroxenes).
D I S C U S S I O N Melt^rock interactions
The present study highlights that, in the study area, the Ronda spinel tectonite domain is predominantly composed of lherzolites containing elongated bodies of harzburgite, metres to tens of metres wide, and centimetre-scale websterite bands (Fig. 2) . Metre-scale lherzolite^harzburgite intercalations similar to those observed in the Ronda spinel tectonites have been described in other orogenic peridotite massifs, notably in Horoman and Lherz. These alternations were ascribed to compaction^decompaction of partially molten peridotites (Obata & Nagahara, 1987) , partial melting followed by convective mingling of fertile and residual components (Toramaru et al., 2001) , focused melt flow (Bodinier et al., 1988) , mingling of asthenospheric and lithospheric mantle components (Bodinier & Godard, 2003) , or refertilization of a refractory lithosphere by basaltic magmas (Saal et al., 2001) . The last hypothesis has been corroborated by a recent joint petrostructural and geochemical study of the Lherz massif, which confirms that igneous refertilization via reactive melt percolation is a very effective process to produce metre-to hectometre-scale compositional heterogeneity in the lithospheric mantle (Le Roux et al., 2007) .
Whereas partial melting and olivine-forming reactions consume pyroxenes and spinel and produce melt (AEolivine), the refertilization reactions are characterized by olivine dissolution and pyroxene (AEspinel) crystallization. Petrographic evidence for refertilization reactions is common in the studied peridotites, in the form of undeformed interstitial opx and cpx in harzburgites and cpx-poor lherzolites and/or cpx^opx^sp aggregates in lherzolites (Fig. 5) .
Geochemical data also display characteristics that are not consistent with simple evolution as a result of partial melting and are more readily explained by reactive porous melt flow, as follows.
(1) The concentration of minor elements in whole-rocks, such as Ti, shows a dispersed linear correlation with fertility markers, such as Mg contents (Fig. 8) or the modal proportion of cpx (Fig. 10 ). 11Á39  1Á04  21Á27  1Á14  9Á88  0Á33  18Á33  0Á94  0Á49  0Á06   Ce  37Á71  2Á32  69Á84  4Á33  30Á28  2Á83  58Á64  3Á32  1Á91  0Á19   Pr  7Á30  0Á30  11Á13  0Á89  5Á82  0Á15  10Á13  0Á53  0Á37  0Á04   Nd  45Á35  1Á72  62Á35  6Á22  38Á71  2Á07  61Á93  3Á10  2Á35  0Á30   Sm  14Á18  0Á54  20Á09  2Á58  12Á39  0Á76  24Á03  1Á73  1Á11  0Á12   Eu  5Á24  0Á20  8Á32  1Á04  4Á40  0Á21  10Á70  0Á57  0Á46  0Á06   Gd  12Á00  0Á38  21Á58  3Á74  9Á05  0Á80  32Á44  1Á38  1Á89  0Á25   Tb  1Á61  0Á06  3Á71  0Á58  1Á12  0Á07  6Á27  0Á35  0Á36  0Á05   Dy  8Á71  0Á22  24Á54  3Á59  5Á51  0Á33  42Á75  1Á56  2Á76  0Á36   Ho  1Á44  0Á04  5Á02  0Á52  0Á90  0Á08  9Á13  0Á33  0Á60  0Á08   Er  3Á48  0Á12  13Á86  1Á19  2Á29  0Á12  25Á78  0Á97  1Á76  0Á25   Tm  0Á53  0Á03  1Á98  0Á17  0Á38  0Á02  3Á67  0Á14  0Á24  0Á03   Yb  3Á47  0Á13  13Á52  1Á14  2Á87  0Á15  24Á83  0Á77  1Á65  0Á22   Lu  0Á59  0Á01  1Á98  0Á14  0Á48  0Á05  3Á58  0Á14  0Á23  0Á03 n, number of analysed clinopyroxenes. SD, standard deviation.
(2) HREE contents in cpx are highly variable, in contrast to nearly constant LREE concentrations (Fig. 9 ). (3) Some peridotites (group 2çFig. 9) show abnormally REE-enriched cpx compositions.
We propose that percolation of melt and melt^rock reactions may account for these geochemical particularities. Numerical simulation of Ti and REE variations involving a wide range of melt^rock interactions indicates that the following processes were active in the study area, with decreasing order of importance from (1) to (3):
(1) melt percolation associated with refertilization reactions; that is, melt^rock reactions at decreasing melt mass that involve olivine dissolution and pyroxene (AEspinel) precipitation; (2) further percolation of variably reacted melt without significant mineralogical reactions; (3) percolative fractional crystallization of interstitial pyroxenes reflecting the final solidification of evolved, small melt fractions after the main refertilization reaction.
Igneous refertilization
The predominance of the igneous refertilization process in the studied peridotites is illustrated by the dispersed linear correlation between Ti contents and cpx modal proportions (Fig. 10) . To compare the effects of meltconsuming, refertilization reactions with those of partial melting, we first modelled the variation in Ti content and cpx modal proportion using batch and fractional melting models (Gast, 1968; Shaw, 1970) . As shown in Fig. 10a , partial melting models yield curved trajectories for the Ti vs cpx co-variation that do not fit the dispersed linear correlation observed in our samples. To simulate igneous refertilization, the Plate Model of Vernie' res et al. (1997) was used in a configuration where a percolation column made of discrete reaction cells is affected by a pyroxene-forming, melt-consuming reaction. The reaction is monitored by the parameter R that stands for the mass ratio of newly crystallized minerals to infiltrated melt (see Bodinier et al., 2008 , for further details). Minor-and trace-element variations in solid and melt are controlled by the combined chromatographic effects of melt transport (Navon & Stolper, 1987) and the sourceŝ ink effects of fractional melt crystallization (Godard et al., 1995; Bodinier et al., 2008) . We consider a low-Ti, highly refractory harzburgite from the study area (sample 07RV13E) as the protolith and the theoretical melt in equilibrium with the cpx from the coarse-granular peridotite 07RV1 as the infiltrated melt composition. This model . Chondrite-normalized REE patterns (Sun & McDonough, 1989) of clinopyroxene in nine representative peridotites and one websterite from the spinel tectonite domain and in a peridotite from the coarse-granular domain at the eastern limit of the study area.
assumes that the melt responsible for refertilization of the spinel tectonite domain was infiltrated from the nearby partial melting domain represented by the granular peridotites. This assumption is consistent with the suggestion by Lenoir et al. (2001) that the spinel tectonites were extensively refertilized up to a few hundred metres ahead of the melting front. We cannot exclude the possibility that partial melting of the garnet pyroxenite layers, as observed by Garrido & Bodinier (1999) , also contributed to igneous refertilization in the spinel tectonite domain. Silica-rich , from 0Á075 to 0Á2. The results of the refertilization models are shown for the entire, 40-reaction cells columns used in the experiments. Cpx modal proportions and melt/rock ratios (r) increase from top to base of the columns; the maximum r values reached at base of each column are given. The refertilization reaction is given in the text; the melting reaction was fixed after Niu (1997) . Mineral/melt partition coefficients (K d ) are from Wood & Blundy (2003) .
melt issued from the pyroxenite layers is indeed expected to react with the host peridotites and precipitate pyroxene (Yaxley & Green, 1998) . The actual Ti content in the infiltrated melt is therefore poorly constrained. It should be noticed, however, that the infiltrated melt composition has virtually no effect on the results in the case of moderately incompatible elements such as Ti, compared with the drastic effects of the refertilization reaction. The effect of igneous refertilization on the evolution of the Ti content in the melt and in the peridotites is illustrated in Fig. 11 that compares two models involving a refertilization reaction with different R values and a pure percolation process (R ¼ 0). Percolation produces only subtle Ti variations associated with a chromatographic front (noticeable on melt composition at cells 35^37 in Fig. 11b ). In contrast, the reactive process leads to substantial Ti enrichment in the percolating melt, which reaches a maximum immediately upstream of the chromatographic front (up to two times the original melt composition for R ¼ 0Á5, cells 25^35 in Fig. 11b ). Ti enrichment in the percolating melt is decoupled from the modal enrichment in pyroxene in the peridotite that is higher in the lower part of the column (cells 0^20 in Fig. 11a ). The Ti content in whole-rocks is controlled by both the degree of Ti enrichment in the melt and the amount of pyroxene added to the peridotite by the reaction. The highest Ti contents in the peridotite are attained between the chromatographic front and the base of the column (cells 20^30 in Fig. 11c) .
Because of field evidence for heterogeneous melt percolation (alternation of lherzolites, harzburgites and olivine websterite bands), we ran the refertilization model for different initial porosities È 0 (0Á075^0Á2). For R ¼ 0Á51 and a ratio of precipitated cpx to opx consistent with that observed in the fertile lherzolites and websterites, the refertilization reaction is as follows (note that spinel is neglected in the modelling because of its low proportion in peridotites):
In a Ti in whole-rock vs cpx modal contents diagram (Fig. 10c) , these models yield convex-upward trajectories including: (1) a predominant, nearly linear segment that fits reasonably well the Ti-cpx co-variation observed in the studied peridotites and (2) a subordinate segment involving Ti decrease at nearly constant cpx content that may account for some of the data scatter. Models with high initial porosity values (È 0 ¼ 0Á15^0Á2, Fig. 10b) reproduce the whole observed range of Ti contents and modal compositions, from the Ti-poor depleted harzburgites to the Ti-rich lherzolites and olivine websterite. Simulations using lower initial porosities (È 0 ¼ 0Á075^0Á1) yield similar trends, but produce less fertile compositions; these lower-porosity models may explain the variations in Ti content at a given cpx proportion observed in the harzburgites and cpx-poor lherzolites.
Further melt percolation
The igneous refertilization model based on reaction (1) can also reproduce the compositional range observed for other moderately incompatible elements such as HREE (e.g. HREE in cpx in Fig. 12a) . However, this model fails to reproduce the variations observed for more incompatible elements such as the LREE. The analysed cpx have a narrow range of LREE contents, compared with HREE (e.g. samples 07RV3C, 07RV12Cw and 07RV10B from the 'normal-type' samples; Fig. 9 ), whereas the refertilization models show extreme LREE variations; LREE range from 5 to 560 times the chondritic values in the refertilization model with È 0 ¼ 0Á15 (Fig. 12a) .
Variable HREE concentrations at nearly constant LREE content in whole-rocks and/or cpx such as those observed in the present study have been reported in several orogenic peridotites and in some mantle xenoliths suites (see reviews by McDonough & Frey, 1989a; Bodinier & Godard, 2003) . In whole-rock, this feature may be partly accounted for by entrapment of small-volume melts as micro-inclusions in minerals (Bedini & Bodinier, 1999; Garrido et al., 2000; Bodinier & Godard, 2003) . However, melt inclusions cannot explain the HREE variations in cpx, which are better explained by chromatographic effects associated with porous melt flow (Godard et al., 1995; Bodinier & Godard, 2003) . According to the chromatographic theory (Navon & Stolper, 1987) , mantle rocks subjected to porous melt flow are traversed by LREE chromatographic fronts that move almost as fast as the melt itself because of the strongly incompatible behaviour of the LREE. In contrast, because HREE are less incompatible, their chromatographic fronts are slower and require much higher melt/rock ratios to rise significantly through the porous-flow domain. The HREE and LREE contents are therefore strongly decoupled from each other. The HREE contents in percolating melt and peridotite minerals are governed by the composition of the initial peridotite and its subsequent variations as a result of melt^rock reaction, whereas the LREE contents are controlled by the percolating melt and remain roughly constant, in both melt and minerals (Godard et al., 1995; Vernie' res et al., 1997; Bodinier et al., 2004) .
To investigate this effect, we used the Plate Model of Vernie' res et al. (1997) to simulate a process whereby the virtual peridotites obtained with the refertilization model based on reaction (1) (Fig. 12a) were further percolated without additional reaction, either by an unreacted melt (equilibrium melt calculated from cpx of the coarsegrained peridotite 07RV1) or by a reacted melt (weighted average of melt compositions obtained with the refertilization model illustrated in Fig. 12a ). Both simulations satisfactorily reproduce the HREE variations at nearly constant LREE contents observed in cpx from the 'normal-type' samples ('hump-shaped' patterns of Fig. 12b ). We note that the percolation of unreacted melt yields LREE contents in cpx slightly lower that the observed values whereas the percolation of reacted melt results in slightly higher LREE and MREE contents. Although inferences on the precise composition of the percolating melt are hampered by the uncertainty in the mineral/melt partition coefficient values, these results suggest that the actual LREE content of the melt that percolated thought the study area was somewhere in the range defined by the two extreme compositions used for modelling.
Final crystallization of interstitial melt
Igneous refertilization involving reaction (1) or similar reactions at decreasing melt mass can generate extreme enrichments in LREE and other highly incompatible elements in evolved small melt fractions and equilibrium minerals ( Fig. 12 ; Bedini et al., 1997; Ionov et al., 2002; Bodinier et al., 2004; Le Roux et al., 2007) ; however, this reaction cannot produce the overall REE enrichment in cpx locally observed in the study area ('enriched-type' samples from the lherzolite^harzburgite contact 07RV13 and 07RV17, Fig. 9 ). Reaction (1) leads to enrichment of moderately incompatible elements such as Ti in the melt that does not exceed a factor two (Fig. 11b) and may even result in a depletion of the less incompatible HREE. This is shown, for instance, by comparing the reacted and the infiltrated melt compositions for Ho to Lu in Fig. 12a . An enrichment factor of about 15 relative to the melt in equilibrium with coarse-granular peridotites or the normaltype peridotites from the study area is, however, required to account for the HREE composition measured in cpx from samples 07RV13 and 07RV17.
Modelling experiments conducted to investigate the HREE behaviour upon reactive porous flow indicate that olivine dissolution is the predominant factor responsible for the depletion (or limited enrichment) of moderately incompatible elements in reacted melt and equilibrium minerals. In fact, the observation of undeformed aggregates of secondary pyroxenes (Fig. 5) suggests that interstitial crystallization of cpx þ opx without concomitant dissolution of olivine has occurred, at least in a late stage of the porous flow event. To simulate this late process, equivalent to the 'percolative fractional crystallization ' of Harte et al. (1993) , we used the Plate Model in a configuration where crystallization of interstitial cpx and opx from the percolating melt was not accompanied by dissolution of olivine. A best fit of the cpx REE composition for the 'enriched-type' samples was obtained with the reaction scheme 1 Liq 1 ! 0Á83 Liq 2 þ0Á078 opx þ 0Á092 cpx ð2Þ where R, the mass ratio of crystallized minerals to infiltrated melt, is 0Á2 (Fig. 12a) . The infiltrated melt composition is the same as that employed for the refertilization model using reaction (1). Because this process is considered to have occurred in a late stage of the porous flow event, after the main refertilization, the protolith composition was fixed from the average of the 'normal-type' cpx REE compositions. The results reported in Fig. 13 represent the compositions obtained in four experiments run with distinct initial porosity values. The variation from overall REE enrichment in samples 07RV17 and 07RV13C to selective LREE enrichment in samples 07RV13B and 07RV13D is accounted for by the decreasing values of the initial porosity È 0 , from 0Á2 to 0Á05. After reaction, porosity values in the range 0Á003^0Á0009 are observed in the cells yielding the REE compositions shown in Fig. 13 .
Interactions between reactive magma transport and deformation
The similar kinematics, the continuity of the deformation structures, and the progressive variation in recrystallized grain size from 5200 mm in the westernmost mylonites to 1^15 mm in the coarse-grained spinel tectonites close to the melting front (Fig. 3) suggests continuous deformation under decreasing stress conditions. Decrease in deviatoric stress may result from deformation under increasing temperature. A strong thermal gradient across the spinel peridotite domain is corroborated by the partial melting of garnet pyroxenites and their replacement by spinel pyroxenites within 800 m from the front. It is also in agreement with the temperature conditions inferred from the mineral assemblages in the coarse-grained peridotites of the asthenospheric domain (12508C, Lenoir et al., 2001 ) and those estimated for the final stages of the deformation in the garnet^spinel mylonites (850^9508C, Garrido et al., 2006) .
In addition, structural data at macroscopic and microscopic scales point to syn-to late-tectonic reactive melt transport in the spinel tectonite domain. Lithological contacts at all scales, from the recrystallization front to the centimetre-scale websterite bands, are parallel to the deformation structures (foliation and lineation), but diffuse. A close analysis of the centimetre-scale olivine websterite bands that often mark the harzburgite^lherzolite contacts allows us, in particular, to constrain the relations between Kelemen et al. (1993) ; the cpx K d values are from Hart & Dunn (1993) . The grey field shows the chondrite-normalized REE patterns of the 'normal-type' clinopyroxenes (Fig. 9 ). deformation and melt percolation. As in Lherz, these thin olivine websterite bands are interpreted as marking melt segregation horizons (Le Roux et al., 2007 Bodinier et al., 2008) . They are parallel to the peridotite foliation, but have highly convoluted limits at the millimetre scale (Fig. 4) . Pyroxenes in these bands show variable deformation degrees; deformed olivine and pyroxenes coexist with undeformed pyroxenes and spinel. Similarly, in the lherzolites and harzburgites, corroded opx systematically displays clear intracrystalline deformation features, such as undulose extinction and kink bands, but secondary cpx and spinels, although forming aggregates aligned in the foliation, often preserve clear interstitial shapes and show no internal deformation (Fig. 4) . In the garnet^spinel mylonites, opx and cpx do not show microstructural evidence of melt^rock reactions or partial melting. They are elongated parallel to the lineation, display undulose extinction and kink bands, and have a clear CPO.
Analysis of olivine CPO in lherzolites and harzburgites also supports the suggestion that deformation occurred in the presence of melt. Harzbugites have a rather constant olivine CPO intensity, whereas the olivine CPO in the lherzolites has variable strength, being either stronger or weaker than in the harzburgites (Fig. 7) . Variations in the CPO intensity may result from either a gradient in strain or a change in the contribution of diffusion to deformation. High instantaneous melt fractions favour diffusionaccommodated deformation and lead to a decrease in CPO intensity (Hirth & Kohlstedt, 1995a , 1995b Holtzman et al., 2003) . In contrast, at very low melt fractions, melt is essentially confined at triple junctions and cannot act as an interconnected fast diffusion path. It may nevertheless reduce the contact area between grains, leading to a local increase in stress (Hirth & Kohlstedt, 1995a) . Higher stress may enhance dislocation creep and CPO development. Therefore, the observed variation in J-index in the lherzolites may result from deformation in presence of different instantaneous melt fractions.
Together these observations support the idea that deformation in the coarse-grained spinel tectonites took place (Fig. 12) . The upper and lower grey arrays show the chondrite-normalized REE patterns of the 'enriched-' and 'normal-type' clinopyroxenes, respectively (Fig. 9) .
Chondrite normalizing values after Sun & McDonough (1989) .
in the presence of melt. In this context, one may speculate that the parallelism between lithological contacts, websterite layers, and the foliation may result from deformation-controlled melt transport related to an enhanced permeability parallel to the foliation, as observed experimentally in rock-analogue systems by Rosenberg & Handy (2000) and Takei (2005) . A strong feedback between melt transport and deformation has indeed often been suggested based on field observations and microstructural studies for both crustal and mantle shear zones (e.g. Tommasi et al., 1994; Kelemen & Dick, 1995; Brown & Solar, 1998; Rosenberg, 2004; Le Roux et al., 2008) . In addition, although an effect of the thermal gradient cannot be excluded, stress-driven melt-segregation may also have played a role in the formation of the websteritic layers (Holtzman et al., 2003; Le Roux et al., 2008) .
Constraints on the Ronda peridotite tectono-metamorphic history
Structural and petrographic observations from the field to the thin-section scale are consistent with deformation under increasing temperature conditions and syn-to latetectonic reactive melt transport. The inferred thermal gradient (Fig. 14) is in agreement with the contrast in P^T conditions recorded by the coarse-grained peridotites at the partial melting front (c. 12508C and 1Á4 GPa, Lenoir et al., 2001) and those estimated for the final stages of the deformation in the garnet^spinel mylonites (850^9508C and 1Á9 GPa, Garrido et al., 2006) . Based on these observations, we suggest that reactive melt transport in the spinel tectonites is linked to the formation of the melting front. This interpretation is corroborated by the analysis of the REE and Ti compositions of the spinel tectonites, which are well explained by refertilization models in which the percolating melt has a composition in equilibrium with the coarse-granular peridotites (Figs 10, 12 and 13) . The consistency of the deformation structures (foliation and lineation) from the mylonites to the melting front implies that the spinel tectonites and the mylonites have recorded similar kinematics and thus shared the same deformation, although under significantly different stress conditions. Propagation of the melting front led to an enhancement of the thermal gradient, melt percolation, and local partial melting in the close vicinity above the melting front. This situation may have resulted in a progressive transfer of the deformation from the mylonites towards the hotter, melt-bearing domains just above the melting front and, further, to the partially molten domain. Absence of deformation in the last melt^rock reaction products suggests nevertheless that deformation ceased before cooling of the domain, leading to re-equilibration of the microstructures in the coarse-granular peridotites under static conditions .
In summary, the Ronda massif records a continuous history of exhumation of a section of the lithospheric mantle.
The initial stages of this exhumation were accommodated by the garnet^spinel mylonites that recorded the progressive exhumation of the Ronda peridotites from ca. 100 km to ca. 60 km depth (Garrido et al., 2006) . This was followed by the propagation of an asthenospherization front through partial melting of the lithospheric mantle, forming the coarse-grained peridotites, in response to an enhanced heat flow at the base of the lithosphere (Lenoir et al., 2001) . We propose that the thermo-mechanical evolution recorded in the spinel tectonite domain is the 'missing bridge' between these two events. Continued exhumation and lithospheric thinning in the presence of a strong transient thermal gradient maintained by the large-scale partial melting in the asthenospheric domain may indeed account for the decrease in equilibrium pressure from 1Á9 GPa in the last stages of deformation in the mylonites to 1Á4 GPa in the coarse-grained peridotites of the asthenospheric domain (Fig. 14) .
Although the present-day orientation of the foliations and lineations in the Ronda massif may have been modified by rigid-body rotations during the late stages of exhumation, hindering the direct interpretation of these structures in terms of mantle kinematics, analysis of the CPO in these peridotites allows constraints to be made on the deformation regime (Tommasi et al., 1999) . In all studied spinel peridotites and mylonites, ol [100] and opx [001] axes show a systematic dispersion within the foliation plane with weak maxima at 5108 to the lineation marked by the olivine and pyroxene elongation (Fig. 6 ). This pattern is typical of transpression, since an association of simple shear and shortening normal to the shear plane is necessary to produce both the dispersion of the glide directions in the flattening plane and the weak obliquity between their maxima and the lineation (Tommasi et al., 1999) . Olivine and orthopyroxene CPO displaying the same deformation regime are observed in mylonites in the northern part of the massif (Precigout et al., 2007) and in a larger scale study that compared the olivine CPO in the spinel tectonite and in the coarse-grained domain ). This suggests that the present observations do not record a local variation in strain regime (i.e. at the scale of the studied zone) but the general strain regime that affected the lithospheric mantle during the exhumation of the Ronda peridotites.
C O N C L U S I O N S
Our observations show that the spinel tectonite domain in the Ronda peridotite massif records deformation and synto late-tectonic melt percolation in a narrow zone, c. 1Á5 km wide, at the base of the mantle lithosphere. Heat transfer from a neighbouring large-scale partial melting domain (or 'asthenospherized' mantle) results in an extremely high thermal gradient in this domain, which controls both the deformation distribution and the melt migration ahead of the partial melting front.
The observed co-variations of minor elements (Na, Ti, Cr) in whole-rocks with cpx proportions indicate that melt transport was accompanied by a near-solidus peritectic refertilization reaction involving precipitation of pyroxenes and spinel from percolating melts, combined with olivine dissolution. Field evidence, consistent with previous work on Ronda mafic layers, suggests that in situ partial melting of pre-existing aluminous pyroxenites probably also contributed to the reactive melt fraction. REE patterns in cpx reveal that a second-order melt process was locally superimposed on the predominant refertilization process: circulation and interstitial crystallization of small residual melt fractions. This is consistent with the observation of undeformed interstitial pyroxenes and spinel.
Structural observations highlight the interactions between melt transport and deformation. The parallelism between deformation structures and diffuse lithological contacts at all scales (from kilometre to millimetre) suggests that deformation controlled magma transport. On the other hand, the variation in olivine CPO intensities implies that the presence of melt results in a higher contribution of diffusion to deformation, leading to a slower CPO evolution.
The consistency of the deformation structures (orientation of the foliation and lineation) from the mylonites to the melting front implies that the spinel tectonites and the mylonites have recorded similar kinematics and thus shared the same deformation, although under significantly different stress conditions. In addition, the olivine and opx CPO in the mylonites and the spinel tectonites highlights that transpression played a fundamental role in the exhumation of the Ronda peridotites. Finally, the present study highlights that reactive melt transport in the lithospheric mantle ahead of the partial melting domain played a fundamental role in the thinning of the Alboran lithosphere, as it enhanced its fertility, facilitating the propagation of the transient lithosphere^asthenosphere boundary represented by the partial melting front.
